Neutron activation analysis and data mining techniques were combined for assessing the mineral composition of diets commonly used to feed beef cattle in Brazil. Among twenty chemical elements determined, Br, Ca, Cs, La, Sc, Se, Sr, Th and Zn showed statistically significant differences between the two cattle diets studied. Chi square indicated that Cs, Se and Sc provided better diets discrimination. The highest classification performances using these elements were achieved for multilayer perceptron and sequential minimal optimization with prediction accuracy of 100%.
Introduction
Brazil became the world´s first beef exporter (2.2 million tons in 2018) and the second largest beef producer (11 million tons in 2018), only behind the United States [1, 2] . The distinguishing feature of Brazilian livestock is the extensive pasture-based cattle production system, either with native or planted grasses. According to ABIEC [3] , 19% of the country' areas are used for pasture, from which 1% corresponds to pasture in advanced stage of degradation. Brazilian cattle raising has expanded pasture area at the expense of production efficiency [1, 4] . The feeding method implemented in the finishing stage in Brazil today uses corn (90% of feed composition) and soybean (10% of feed composition) supplementation as energy and protein sources, respectively. An alternative to corn and soybean is to replace or complement their use with by-products such as citrus pulp and peanut bran, respectively [5] [6] [7] . Besides the vegetal ingredients, different mineral sources of phosphorus and calcium are employed in cattle diet, dicalcium phosphate (DCP) being widely used but very expensive. Low cost alternative sources of phosphorus, such as phosphate rock and phosphate fertilizer, have been employed [8] .
Brazil is the second largest soybean producer (114.6 million tons), the third largest corn producer (91.2 million tons), the world's first orange producer (17.5 million tons) and the first world producer of orange juice (1235 million tons) [9] . Thereby, there is a large availability of grains and agricultural by-products to be used in finishing diets, which can reduce feeding costs. The rearing system implemented in the finishing stage is a sustainable and competitive alternative to beef cattle feeding. In recent years, cattle production has increased by occupying less area, thus reducing the environmental cost of this activity. The variation in component types and proportions in the formulation of beef cattle diets raises concerns about their nutritional quality and safety, mainly due to the potential effects on meat composition [10] [11] [12] [13] [14] .
Neutron activation analysis (NAA) is an analytical method that can achieve high metrological levels [15] for multielement determinations. For being based on nuclear reactions, NAA has the paradoxical advantage of chemical analysis without chemistry [16] , producing results that are independent on chemical bonding, which can be an important feature for analyzing complex matrices, like cattle diets, where vegetal and mineral ingredients are present. The multielement capacity of NAA has been used to assess the chemical composition of a variety of food matrices such as miscellaneous fruits [17] , apple [17, 18] , beef [19] , orange [17, 20] , rice [21] and spices [22] .
The combined use of inorganic composition with advanced data mining techniques has provided promising results in the discrimination and authenticity studies of cowpea beans [23] , organic grape juice [24] , organic orange juice [25] , organic coffee [26] and organic rice [27, 28] . This study is part of a large project on the use of chemical elements for discriminating Brazilian bovine meat, trying to establish fingerprints for characterizing the biomes of origin. Several factors with possible influence on meat composition have been investigated for providing a comprehensive understanding of their contribution. Here, the feeding method implemented in the finishing stage of beef cattle was investigated as a case study, applying NAA and data mining techniques for assessing the differences between two types of diets commonly used. The objective is to evaluate such combination of techniques to be applied for identifying chemical differences amongst cattle diets on a wider scale in the country.
Experimental

Sampling
Beef Passion is a renowned sustainable beef producer in the Cerrado biome, which operates in a closed cycle system from reproduction to comercialization, producing meat of high quality standards. For this, selected crossbreeds are raised in pasture-based system for 20 months and then grain-finished for 10 months at the "Recanto Vó Cidinha" farm located in Nhandeara, SP, Brazil. The nutritional balance of cattle diet is of paramount importance for beef quality. Two diets with different protein sources (soybean in diet A and peanut bran in diet B) are offered to cattle at the finishing stage ( Table 1 ). All plant components were produced in the Cerrado biome and the mineral supplements were provided by Nutron, a Cargill's brand of animal nutrition, as a source of Ca, Co, Cu, Fe, I, Mg, Mn, Na, P, S, Se, Zn, and vitamins A, D and E. Fifteen 1 kg samples of each diet were collected on consecutive 15 days. Samples were freeze-dried for 3 days and ground in IKA M 20 Universal Mill with stainless steel chamber using tungsten carbide knife. Residual moisture was evaluated on analytical portions of 1 g ovendried at 100 ºC during 4 days.
Neutron activation analysis
Analytical portions of 300 mg were weighed into polyethylene capsules from Posthumus Plastics, Beverwijk, Netherlands. Empty capsules were included as analytical blanks to determine chemical elements constituents of the polyethylene allowing corrections when needed. As quality control samples, four certified reference materials (CRMs) were included in the analytical series, i.e. SRM 1577c-Bovine Liver, SRM 1515-Apple Leave and SRM 1566b-Oyster Tissue, produced by the National Institute of Standards and Technology (NIST) and IAEA-336 lichen material produced by the International Atomic Energy Agency (IAEA). Fragments of approximately 10 mg of a Ni-Cr alloy with known chemical composition [29] were placed between capsules to measure the neutron flux during irradiation in the nuclear research reactor IEA-R1 of the Nuclear and Energy Research Institute, Brazilian Nuclear Energy Commission (IPEN/CNEN), located in the city of São Paulo, SP, about 200 km away from Piracicaba, SP. Samples and CRMs were irradiated for 4 h at a thermal neutron flux of 1.2 × 10 13 cm −2 s −1 .
The induced activity was measured by high resolution gamma-ray spectrometry using germanium detector (HPGe) with 50% relative efficiency at the 1332 keV of 60 Co at the Radioisotopes Laboratory of CENA/USP. Four activity measurements were performed with approximate decay times of 3, 7, 15 and 30 days. Elemental mass fractions and respective uncertainties were calculated using the software package Quantu [30] based on the k 0 method [31, 32] .
Statistical analysis
Mann-Whitney U test (RANOVA) was used to verify statistically significant differences between the chemical composition of beef cattle diets at the 95% confidence level (p < 0.05). Chi square was used to determine thng power of variables for classification between beef cattle diet A and B. The higher the Chi square value for each variable (chemical element), the greater will be its discriminating power between classes (diet A and diet B) [24, 33] . SAS OnDemand for Academics software was used to carry out the RANOVA. After ranking the variables (chemical elements) according to their discriminating power, k subsets were constructed and used to train five classification algorithms. Weka (Waikato Environment for Knowledge Analysis) software version 3.8 was used to implement the Classification and Regression Tree (CART), Multilayer Perceptron (MLP), Naive Bayes (NB), Random Forest (RF) and Sequential Minimal Optimization (SMO). Their accuracy (Eq. 1), precision (Eq. 2), sensitivity (Eq. 3) and specificity (Eq. 4) were calculated using the confusion matrix output that considers correctly positive class (true positive-TP), correctly negative class (true negative-TN), incorrectly positive class (false positive-FP) and incorrectly negative class (false negative-FN) [25, [34] [35] [36] (1) Accuracy = (TP + TN)
Results
For evaluation of the quality control samples, En scores were calculated from the mass fractions and expanded uncertainties obtained for chemical elements with certified values in the CRMs [37, 38] . Except for Na in the SRM 1515, all En scores were within the range of ± 1 (details in the Supplementary Material), demonstrating the agreement between results and certified values. Despite the discrepancy observed in the analysis of the SRM 1515, Na results were in good agreement for the other three CRMs analyzed.
Twenty chemical elements (Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Na, Rb, Sc, Se, Sm, Sr, Th and Zn) were determined by NAA. Table 2 shows the minimum, maximum, mean and standard deviation values of mass fractions.
The Mann-Whitney U test found statistically significant difference between classes (diets) considering the calculation of the minimum significant distance (MSD). If the difference between the mean mass fraction of a chemical element in diet A and diet B is higher than the MSD, then they have statistically significant differences. To use the mass fraction to differentiate between the diets A and B applying the Mann-Whitney U test, it is needed to obtain results with analytical uncertainty lower than the MSD. For all the chemical elements, the MSD values were higher than the analytical uncertainty (Table 3) , enabling the use of the results to perform a classification model capable of discriminating beef cattle diets by their chemical composition. Figure 1 shows the relative variable importance based on calculated Chi square. Se, Sc, Ca, Cs, Br, La, Sr, Th and Zn have statistically significant differences (p < 0.05) (dashed bars) and Ba, K, Rb, Hf, Sm, Eu, Cr, Fe, Na, Co and Ce have non-significant difference (p ≥ 0.05) (dotted bars) between diets using the Mann-Whitney U test. Chi square value achieved to each element represents its relative importance to discriminate beef cattle diet. The higher the value, the greater will be its discriminating power between classes.
To construct the predictive models, the variables (chemical elements) were ordered from higher to lower discriminating power between diets. Seventeen subsets were generated as shown in Table 4 . Increasing the number of chemical elements less important to discriminate diets allows to evaluate the effect of `noises` data in the models.
The relationship between the number of elements contained in each subset generated and the accuracy obtained by the classification models CART, MLP, NB, RF and SMO are observed in Table 4 . MANOVA was used to determine the F-score values for the data subsets. All the classification models have a maximum accuracy when considering the three chemical elements with higher discriminating power (Cs, Se and Sc). When including chemical elements with lower discriminating power, the classification accuracy decreased. F-score of MANOVA has a maximum value for subset Chi#2 and after a continuously decrease until Chi#9, stabilizing from Chi#9 to Chi#17, when elements with statistically non-significant differences were included. Adjusting the F-score values of subsets Chi#1 to Chi#9 to linear regression (R 2 = 0.96), the angular coefficient is − 9, and of subsets Chi#10 to Chi#17 (R 2 = 0.76), the angular coefficient is − 0.9. MANOVA loses discriminating power as chemical elements not contributing information are included in the model. In contrast, the machine learning methods maintain the prediction accuracy.
According to Table 4 , Cs was the only element used to construct the CART predictive model in order to discriminate the diet A from diet B. For values of Cs < 0.08 mg kg −1 , the diet will be classified as A, and Cs ≥ 0.08 mg kg −1 will correspond to diet B. The model classified 57% of the samples as diet A (correct value is 50%) and 43% as diet B (correct value is 50%). The classification model presents the best performance for classification of diet A, correctly classifying 13 samples of 14 (93% specificity). Three samples of diet B were classified as diet A. Table 5 shows the highest values of accuracy, sensitivity and specificity obtained to discriminate between the beef cattle diets for CART, RF, MLP, NB and SMO.
All the models obtained a higher predictive performance when using Cs, Se and/or Sc. The SMO and MLP have the largest accuracy (100%), specificity (100%) and sensitivity (100%) considering Cs, Se and Sc. These models are capable to discriminate between beef cattle diets with no error. NB is the third with best accuracy (96%) considering only the mean mass fractions of Cs and Se. This model has more sensitivity to diet A (100%) and specificity to diet B (100%). The tree models RF and CART have smaller accuracy (89% and 86% respectively), considering Cs and Se (RF) and Cs (CART). Both models have more sensitivity to diet A (93%) and specificity to diet B (93%). Figure 2 shows the distribution of Cs and Se ( Fig. 2a ) and of Cs, Sc and Se (Fig. 2b) in the beef cattle diets. The mass fraction of these elements allowed the discrimination of the classes. The machine learning algorithms were capable of establishing a series of functions to perform classification models.
Conclusion
In this work, the feasibility of using NAA combined with data mining techniques on beef cattle diets for discrimination purposes was demonstrated. Neutron activation analysis was successfully used to determine 20 elements in this type of matrix. Univariate (Mann-Whitney U test) and multivariate (MANOVA) statistics, together with five machine learning techniques functioned synergistically as data mining tools. Predictive models capable to discriminate beef cattle diet based on chemical composition, with various subsets of features ranked by Chi square, were obtained with prediction accuracy of 86%, 89%, 100%, 96% and 100%, respectively for CART, RF, MLP, NB and SMO. All the models presented higher sensitivity for diet A and specificity for diet B. In general, the neural networks (MLP and SMO) had the best accuracy, followed by the Bayesian model (NB) and the tree models (CART and RF). Cs, Se and Sc were the most important variables for differentiating beef cattle diets.
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